INTRODUCTION
Farmers' lung disease (FLD), the most common form of extrinsic allergic alveolitis, is a pulmonary disease that results from repeated exposure to an inhalation of antigens from mouldy hay or straw, which leads to sensitization and development of granulomatous lung reactions. Its diagnosis has most often relied on an array of non-specific clinical symptoms and signs developed in an appropriate setting, with the demonstration of interstitial marking on chest X-rays, lymphocytic alveolitis on bronchoalveolar lavage, serum precipitins against offending antigens and/or a granulomatous reaction on lung biopsies (American Thoracic Society, 1998; Patel et al., 2001 ).
The diagnostic value of serological tests in FLD is controversial (Burrell & Rylander, 1981; Dalphin et al., 1994) . For some authors, serology is a good diagnostic tool, whereas for others, it fails to discriminate FLD subjects from healthy exposed subjects and appears to be a mere indicator of exposure (American Thoracic Society, 1998; Cormier & Belanger, 1989; Cormier et al., 2004; Lacasse et al., 2003) . This discrepancy may be due to the choice of antigens and/or the serological techniques applied, or to the methodology used in studies which focus on diagnostic criteria for cases and characteristics and level of exposure for controls.
In Franche-Comté, a region in the east of France where FLD is common, a previous study demonstrated the poor reliability of immunological tests using Saccharopolyspora rectivirgula despite the clinical probability of FLD being correlated with the presence of precipitins against total hay extracts (Dalphin et al., 1994) . Another study demonstrated that Absidia corymbifera, Eurotium amstelodami and, to a lesser degree, Wallemia sebi were probably the main causes of FLD in eastern France, whereas S. rectivirgula might not play a major role in our region (Reboux et al., 2001) , as is probably the case in other countries (Erkinjuntti-Pekkanen et al., 1999) .
The aim of this study was to assess the diagnostic value of four serological techniques for FLD: electrosyneresis (ES), Ouchterlony double diffusion (DD), ELISA and Western blot (WB) analysis. We used the three antigens specifically involved in FLD in the east of France and S. rectivirgula, the classic FLD antigen. Three groups of subjects were compared: FLD patients, and exposed and unexposed controls.
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On: Sat, 12 Jan 2019 07:19:01 farmers (n515) and non-exposed urban subjects (n530). FLD patients were consecutive cases diagnosed according to the latest published criteria (Schuyler & Cormier, 1997) . Each patient was asked to designate a control subject comparable to him/herself with respect to the classic criteria (age, gender and smoking habits) and professional activity (size, type and geographical location of the farm, structure of the cattle shed, mode of drying and storing fodder, and daily duration of exposure). A standardized questionnaire and auscultation were used to ensure that none of the control subjects presented any general or respiratory symptoms. Thirty non-exposed urban controls were recruited in the same region (towns up to 5000 residents) and matched to the case subjects for age (±5 years), smoking habits and gender. Informed written consent was obtained from each subject. The protocol was approved by the local review board for research involving human subjects.
Immunological methods
Antigen extract. Three somatic antigens were derived from fungi isolated from hay from the Franche-Comté region and referenced by the BCCM/IHEM collection, Brussels, Belgium [A. corymbifera (IHEM 16288), E. amstelodami (IHEM 16286) and W. sebi (IHEM 16284), and one somatic antigen was derived from the reference Lacey's strain S. rectivirgula (ATCC 15347)]. The antigens were produced as previously described (Reboux et al., 2001) . Briefly, both fungi and bacteria strains were cultured in brain heart infusion for 2 weeks, crushed by Ultraturax (IKA Labortechnik), sonicated, extracted overnight in NH 4 CO 3 at 4 uC, centrifuged at 13 000 r.p.m., ultrafiltered on Centricon 10 (Amicon Millipore) and dosed for standardization at 100 mg protein ml 21 .
Serology techniques. All sera were tested by four techniques at the same time and with the same batches of antigen. Serum precipitins were investigated by agar gel DD (Ouchterlony, 1953) and ES on cellulose acetate (Gari et al., 1982) . All results were read blindly by two operators; no difference was noted between the two readings. IgG and IgA levels were investigated by ELISA with peroxidase-conjugated anti-human IgG and IgA (Engvall & Perlman, 1971) . WB analysis was done with alkaline phosphatase-conjugated anti-human IgG and IgA (Laemmli, 1970) . Serological techniques are described completely in supplementary data published in the online version of the journal.
Statistical analyses. Results from FLD patients and farmer controls were evaluated by the receiver-operating characteristic (ROC) (Zweig & Campbell, 1993) . Sensitivity and specificity tables (MedCalc Software v7.2; Mariakerke, Belgium) were used to determine the optimum cut-off level. A non-parametric Wilcoxon signed ranked test was used to compare the number of bands obtained with the WB technique. P values less than 0.05 were considered significant.
RESULTS AND DISCUSSION
The assessment of immunodiffusion methods and ELISA to discriminate FLD patients from farmer controls (n515) is presented in Tables 1 and 2 . In our region, ES on cellulose acetate with the A. corymbifera antigen showed the highest sensitivity and specificity (87 % and 100 %, respectively) when a two-arc threshold was selected by ROC curve analysis. The ES and DD techniques actually appeared to be more specific than ELISA and WB in diagnosing FLD.
ES showed the best discriminatory power, even though results varied depending on the antigens used (Table 1) . A range of 0-8 arcs of precipitins was observed in FLD patients. A two-arc threshold differentiated 13 of the 15 cases from control subjects, with no false-positive results, with the A. corymbifera antigen and only 7 out of 15 cases with the W. sebi antigen (Fig. 1) . A three-arc threshold differentiated 10 out of 15 cases with the E. amstelodami antigen and only 5 out of 15 cases, including one falsepositive result, with the S. rectivirgula antigen. For all antigens, non-exposed urban subjects consistently had a far lower number of arcs (maximum of one for 9 % of all sera tested) than farmers without symptoms. DD gave comparable results, but the number of arcs of precipitins was lower (0-3 arcs) (Table 1) . Notably, a onearc threshold with the A. corymbifera antigen detected 10 out of 15 cases, but also led to one false-positive result. One arc was obtained for 10 % of urban controls with each antigen except S. rectivirgula.
Using these thresholds defined by ROC curve analysis, ELISA IgG was positive with the A. corymbifera antigen in 8 out of 15 FLD patients (2 false positives) (Fig. 2) . The IgG test using the three other antigens was positive in fewer than 7 out of 15 FLD patients. Although the level of IgG antibodies was often higher in patients than in controls, no threshold indicating both good sensitivity and specificity could be established. Moreover, results for 13 % of cases and 12 % of farmer controls were below those of the pooled urban control sera for all four antigens. Surprisingly, the ELISA IgA test used with A. corymbifera, E. amstelodami and S. rectivirgula antigens showed the highest levels of antibodies in sera from seven control farmers and lower levels in five FLD sera than in pooled urban sera.
WB IgG and IgA analysis failed to identify specific bands for FLD. The number of bands revealed with the IgG conjugate in the FLD group varied from 6 to 18 bands for A. corymbifera (see Supplementary Fig. S2 in the online version of the journal), from 6 to 16 for E. amstelodami, from 5 to 21 for W. sebi and from 10 to 24 for S. rectivirgula. There were fewer bands with the IgA conjugate than with IgG. Neither conjugate revealed a significant difference in the number of bands between FLD patients and farmer controls. Some urban controls presented with positive IgG WB results, with a maximum number of bands of 11, 5, 5 and 9 for A. corymbifera, E. amstelodami, W. sebi and S. rectivirgula antigens, respectively.
Finally, ES and DD techniques appeared to be more specific than ELISA and WB analysis in diagnosing FLD. The presence of precipitins has previously been reported to indicate exposure to micro-organisms only (Cormier & Belanger, 1989; Cormier et al., 2004; Gariepy et al., 1989; Katila & Mäntyjärvi, 1987) . The sensitivity of DD varies considerably, ranging from 6 to 100 % (Gruchow et al., 1981; Ojanen, 1992; Pépys, 1969) . Obviously, the results depend on the balance between the antigens used for serological diagnosis and the micro-organisms actually involved in the disease in a given area. Consequently, several authors have recommended adapting a panel of antigens specific to each area in order to improve the value of diagnostic tests (Katila & Mäntyjärvi, 1987; Patel et al., 2001) . Our study strongly supports this recommendation. ES on cellulose acetate is based on the same principle as DD, but antigen-antibody migration is activated by an electric current in an electrophoresis chamber. In our study, this technique, which can be done in 4 h and is simple enough to be used for routine diagnosis, led to diagnosis of FLD in 87 % of cases with A. corymbifera antigen, with no false-positive results.
Some authors have reported that immunoglobulin levels measured using ELISA assays are only indicators of exposure to the corresponding micro-organisms (Lappalainen et al., 1998; Rautalahti et al., 1990) . Others have shown immunological profiles grouping several antigens and isotypes (Brummund et al., 1988; Ojanen, 1992) to distinguish between FLD and exposed controls. In our study, it was not possible to distinguish FLD cases from controls with both good specificity and good sensitivity for any of the four antigens tested, either for IgG or for IgA antibodies. Using WB analysis, we did not find specific bands or patterns which could help to diagnose FLD patients. The reason for the discrepancy between techniques revealing precipitins and those revealing IgG or IgA remains unclear. The 'massive' precipitin reaction obtained with FLD subjects can be explained by the reaction of antibodies to antigens with a high molecular mass. These antibodies seem more relevant for FLD diagnosis than those detected by WB analysis, which reacted with multiple lightweight antigens (100-10 kDa). Hence a better diagnostic value was demonstrated for ES, probably due to a better separation of high-molecular-mass antigens by electric current.
In conclusion, our study demonstrates the dual necessity of using a panel of antigens consistent with the specific exposure of a given area in conjunction with the appropriate serological technique. Our results suggest that ES on cellulose acetate with a panel of antigens including A. corymbifera is a relevant diagnostic tool which can discriminate FLD patients from healthy exposed farmers.
